The structural environment as a factor affecting coating failure in aircraft joints  by Tiong, Ung Hing & Clark, Graham
Available online at www.sciencedirect.com
Procedia Engineering  00 (2009) 000–000 
Procedia
Engineering
www.elsevier.com/locate/procedia
Fatigue 2010 
The structural environment as a factor affecting coating failure in 
aircraft joints 
Ung Hing Tionga,b, Graham Clarka,b,*
aSchool of Aerospace, Mechanical and Manufacturing Engineering, RMIT University, Bundoora, VIC 3083, Australia 
bDefence Materials and Technology Centre, 24 Wakefield Street, Hawthorn, VIC 3122, Australia 
Received 2 March 2010; revised 9 March 2010; accepted 15 March 2010 
Abstract 
For critical aircraft structural features such as mechanically fastened joints, coatings which prevent the ingress of moisture are
vital for preventing the onset of corrosion which might require costly rectification or, at worst, threaten structural integrity. While 
aircraft coatings are usually of relatively high quality, they must provide a long service life in a demanding environment, with
thermal cycles, high levels of ultraviolet radiation, and mechanical loading. To date, the effect of load history on coating 
longevity has received little attention, despite clearly being a factor in promoting coating failure at specific sites (such as joints) 
and the rate of coating degradation. This paper describes the key characteristics of coatings at aircraft joints and also outlines the 
factors which influence the complex strain history at joints. The research identifies the important regions in a joint and 
specifically the strain concentration locations where coatings are likely to fail. These regions include exposed sheet ends, shear 
interfaces and fastener heads. Finite element modelling and experimental testing of a generic joint configuration, which is 
representative of many light military and civil aircraft structures, is use to predict the sheet end movements under the maximum
load capacity of the joint, and to measure critical displacements which would be experienced by a coating layer at the interfaces. 
This study is part of a larger program developing a prognostic capability for the durability of surface coatings at critical locations.
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1. Introduction 
Corrosion remains a significant threat to aircraft structural integrity; it can reduce section thicknesses, generate 
corrosion-related cracks, and create stress concentrations which act as sites for fatigue cracking. The presence of 
corrosion induced cracking can shorten the overall crack growth life, and perhaps more significantly, lead to fatigue 
cracking in areas which would not normally be regarded as critical. Current corrosion-damage maintenance 
procedures are usually based on a policy of find-and-fix which often involves the complete stripping of an aircraft 
coating system to permit visual inspection of the outer skin of the aircraft, or the disassembly of structure to assist 
inspection. All these activities are costly and may significantly impair aircraft fleet readiness. For example, the 
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annual direct cost of corrosion of all aircraft systems in the United States has been estimated to be approximately 
US$13bn [1]. 
Nomenclature 
Gop out-of-plane displacement 
Gs  shear displacement 
The intrinsic resistance of alloys alone is insufficient to protect aircraft structural components from an aggressive 
environment. Clark [2], in discussing the prediction of the impact of corrosion on structural life, noted that the 
prediction of overall service life of a corroded part is critically sensitive to the life of protective coatings, and a key 
goal in managing that overall life should include improved coating durability and improved coating life prediction. 
Most Royal Australian Air Force (RAAF) aircraft are currently painted with a high performance protective paint 
system consisting of an epoxy primer and a polyurethane topcoat (see Fig. 1). The entire paint system is quite thin, 
ie. 50 to 125 micrometres. The epoxy primers are adherent and inhibit corrosion of aluminium substrates, whilst the 
polyurethane topcoat is resistant to chemicals and weather, flexible and provides the desired appearance. A sealant 
coat is often applied at faying surfaces, exposed sheet ends and around fastener holes to help maintain flexibility of 
the paint system and prevent cracking of the coatings.  
This paint system, including proper surface pre-treatment, is the most common and cost effective method of 
protecting aluminium aircraft structures from corrosive in-service environments. The criteria for an effective paint 
system include desirable physical and chemical properties, and good adherence to the aluminium substrate. Under 
complex service loads, there are three possible coating failure modes, namely (i) delamination (weak interface, ie. 
low adherence under tensile stress), (ii) micro through-thickness cracking (strong adherence under tensile stress), 
and (iii) buckling and spalling (coating under compressive stress) [3]. While these coating failures do not lead 
directly to structural failure, they may cause functional failure of the coating and indirectly promote component 
failure through corrosion and/or cracking. As an example, cracking in the coating can allow moisture to penetrate 
into the coating-substrate interface and promote pitting and intergranular corrosion, which may become serious 
threats to the structural integrity of aircraft. 
Polyurethane topcoat 
Aluminium substrate 
Epoxy primer 
Chromate conversion 
Fig. 1 Typical aircraft coating system consisting of topcoat, primer, conversion coating and the underlying aluminium substrate
Although current paint systems, if correctly applied, perform well, several types of location in airframes are 
particularly susceptible to coating failure; these locations are typically at aircraft joints which can exhibit substantial 
displacement under cyclic loading, and corrosion is observed to occur extensively in this area. This was highlighted 
in the Aloha B737 accident [4], which involved moisture-associated corrosion cracking at fuselage joints. Visual 
inspection for such damage is impossible without stripping the paints, removing the rivets and opening the joints. A 
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review by Furuta et al. [5] noted that joint specimens subjected to a corrosive environment during cyclic loading 
exhibited fatigue lives 30-50% shorter than those tested in an ambient environment. Developing and understanding 
ways to improve the durability of corrosion protection around joints is therefore highly desirable in terms of 
managing corrosion in ageing aircraft. Clearly the life of the coating is critical, and the development of prognostic 
tools for the service life of coatings, under realistic service conditions, represents an important goal which requires 
an understanding of the various parameters which can influence the degradation processes and rate.  
The National Materials Advisory Board (NMAB) in its Aging U.S. Air Force Aircraft final report [6] notes that 
aircraft coatings need to meet a demanding set of criteria (Recommendation 18), including (i) ambient curing, (ii) 
long-term corrosion protection and adhesion to a wide variety of substrate, (iii) resistance to environmental chemical 
exposure (eg. hydraulic fluids, fuels, solvents, cleaning solutions), (iv) long-term exterior durability with minimal 
change in optical or physical properties, and (v) mechanical durability to operating stresses and in a fretting 
environment. 
The present work addresses the issue raised in the NMAB point (v) and forms part of a larger research program, 
sponsored by the Defence Material Technology Centre (DMTC), which is developing tools for predicting the impact 
of real service environment on coating longevity for military aircraft in Australia. Such tools will be particularly 
useful in estimating the residual strength or service life of paint system at stress concentration associated with joints, 
because of the difficulties in detecting the occurrence of corrosion in such locations. 
2. Coating failure environment 
Most coating failure studies focus on two critical experimental factors, namely (i) UV exposure and (ii) the 
combined function of heat and moisture (the hydrothermal effect) [7-12]. Coating degradation due to UV exposure 
is a prime concern for the polyurethane topcoat, but has little effect on the underlying epoxy primer, whilst the 
hydrothermal effect has a detrimental influence on both topcoat and primer. In general, both effects cause a series of 
chain chemical reaction in the polyurethane topcoat, leading inevitably to deterioration in coating mechanical 
properties; the process can be accelerated by the presence of water and elevated temperature [13]. The deterioration 
of a polyurethane topcoat can be measured through its effect on coating appearance and coating mechanical 
properties (ie. tensile strength, elongation, impact strength and elastic modulus). Common effects are discoloration, 
embrittlement, tackiness, loss of surface gloss, crazing or chalking of the surface [14].  
For instance, Skaja et al. [15], Kram et al. [16] and Guo et al. [17] observed a significant increase in elastic 
modulus on coating surface which was suggested to be related to the formation of oxidative products. Yang et al. 
[18] monitored the degradation of polyurethane topcoat in a QUV test chamber using various surface analysis 
techniques, such as atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), Fourier transform 
infra-red spectroscopy (FTIR) and scanning electron microscopy (SEM) techniques. They discovered the formation 
of blisters on the coating surface during the early stage of degradation process. The blisters increased in their 
concentration and sizes with longer UV exposure time, which subsequently led to micro-cracking and loss of 
coating gloss as a result of local blister breakage [19]. 
A review by White and Turnbull [20] noted that the applied tensile stress, as experienced by a coating in the 
presence of UV and oxygen, generally accelerated the coating ageing process, whereas compressive stress would 
often retard the process.  Popov et al. [21] also observed that residual stresses have exactly same effect as externally 
applied stresses. To date, it appears most of the work in this area has been focused predominantly on polyurethane 
coating chemical and physical ageing/degradation. The role of applied mechanical strain as a contributory part of the 
overall environmental coating degradation model has received little attention so far, particularly at strain 
concentrations associated with joints. 
Aircraft joints, under service loads, exhibit significant movements, with the joint effectively concentrating 
applied strain into discrete locations such as exposed sheet ends and fastener head locations (see Fig. 2). Essentially 
there are two joint movements of concern namely shear and out-of-plane (due to geometric eccentricity) 
displacements. It is inevitable that these movements of a structural joint would cause the coating system to distort, 
elongate or bend. Near the edges between two components of a joint, the strain experienced by a coating is expected 
to be substantial. The displacements at these joint locations appear to play an important role in determining the 
structural integrity of the coating systems and this paper describes the results of an assessment of the strain likely to 
be experienced by a coating material at a representative joint. 
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Fig. 2 Schematic of typical shear interface in aircraft joints 
3. Joint geometry and displacement analysis 
The configuration assessed is a generic lap joint (Fig. 3), made from two 57 × 135 mm 2024-T3 bare (ie. not 
Alclad) aluminium alloy sheets with a thickness of 1.016 mm (0.04 inch). The two sheets are fastened together using 
six MS20470 AD4-5 dome-head fasteners with a shank diameter of 3.175 mm. This lap joint is representative of 
many found in light general aviation aircraft and in light structure of military aircraft; the underlying structure will 
vary depending on the application, but the joint is considered in this instance to be unsupported and therefore to 
transfer 100% of applied load internally. 
The maximum load capacity of the generic lap joint was calculated based on four possible failure modes, namely 
fastener shear failure, sheet tension failure, sheet bearing failure and sheet tear out failure. The calculations given in 
[22] led to an estimated maximum joint stress of 169 MPa. Adopting this maximum stress capacity for the purposes 
of this paper, finite element analysis was carried out for displacement analysis.  
A further simplification was that the analysis of the deformation of the aluminium substrate assumed elastic 
isotropy. The joint clamping force was approximated as equivalent to a torque of 7.91 Nm. This is an average value 
between the recommendations of 6.78-9.04 Nm by Hi-Shear Corporation [23]. The coefficient of friction of was 
assumed to be 0.2 for all faying surfaces around the joint [24]. 
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Fig. 3 (a) Geometry of the generic lap joint specimen (b) von Mises stress contour around the fastened joints 
Under repeated tensile loading, it was observed that there was a propensity for the exposed sheet ends to open up, 
as illustrated in Fig. 4. This out-of-plane movement, commonly known as secondary bending, occurred due to the 
presence of geometric eccentricities [25]. This phenomenon is detrimental to the fatigue properties of a joint. Since 
it can give rise to significant changes in the stress concentration around fastener holes, assisting development of 
fatigue cracks at or near the stress concentration. 
Given that the movement of the joint effectively concentrates the applied strain into discrete locations, such as 
the sheet ends, this location was selected for this analysis. Fig. 5 presents the relative displacement distribution at 
exposed sheet ends across the width of the specimen. The maximum shear displacement was determined to be 
approximately 0.074 mm, whilst the out-of-plane displacement was 0.373 mm. The out-of-plane displacement is 
five times larger than shear displacement due to the extremely high joint eccentricity. Although the shear movement 
is relatively small (less than 1 mm) the small region in which this displacement is concentrated could lead to 
substantial strain in the overlying coating. The results also show that sections between two adjacent fasteners 
experience the greatest deformation. This is expected since these regions are more remote from the structural 
influence of fastener shear, and experience lower clamping force. 
Fig. 4 Finite element predicted sheet opening displacement at exposed sheet ends 
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Fig. 5 Relative displacement distribution across the width of specimen at exposed sheet ends 
4. Experimental testing and comparison results  
A fatigue test was carried out in an MTS servo-controlled hydraulic testing machine under constant amplitude 
loading under ambient laboratory conditions, see Fig. 6. The test specimen was loaded in tension to give a remote 
stress of 169 MPa. Maximum and minimum loads used were 9.8 kN and 0.98 kN respectively, giving a stress ratio 
of 0.1 at a frequency of 1 Hz. Ruler scales with an interval of 1/6 inch (~0.397 mm) were attached along the exposed 
edge of the sheet, so that any displacements around the sheet ends could be measured. 
A digital camera, with adjustable magnifications of 10× to 200×, was mounted facing the exposed sheet front of 
the specimen to record shear movements. The ruler scale was attached at a point between two adjacent fasteners 
along the joint, where the maximum shear displacement was predicted. Experimental limitations meant that the 
shear displacement, Gs that could be measured visibly was the relative displacement between exposed surfaces of top 
and bottom sheets. A video recording was made throughout the cycling process for 20 cycles. A second fatigue test 
with similar procedures was carried out to record the out-of-plane movements at the sheet edge. In this instance, the 
camera was mounted facing the specimen edge. Here the measured out-of-plane displacement, Gop, was the relative 
displacement between faying and exposed surface of top and bottom sheets respectively. 
The test confirmed the occurrence of shear movements and opening up of the sheet ends, as predicted (see Fig. 7 
and Fig. 8). Imaging processing and measurement was performed to measure the values of both shear and out-of-
plane displacement. The tests were run for 20 cycles, so 20 values for each displacement (ie. shear and out-of-plane) 
were collected. The mean values of these samples were 0.199 mm and 0.236 mm for shear and out-of-plane 
displacements respectively. Both samples displayed a standard deviation of approximately 0.0075 implying the test 
variability is quite small. 
A comparison between prediction and test data showed an error margin of 11-17% for shear displacement, and 
20-29% error margin for out-of-plane displacement. The discrepancies observed are likely to be caused by the 
assumptions adopted in the finite element model (and likely areas for attention in future work include clamping 
force, friction coefficients at contacting surfaces and fastener clearances and constraints), as well as experimental 
measurement errors. Future work will refine the model, validating the listed finite element parameters and will use 
experimental techniques, namely laser speckle interferometry or non-contacting video extensometry, to provide 
more detailed measurement of joint movements. 
In both cases, the predicted values are higher than experimentally measured values, ie. a conservative prediction. 
In an engineering context, the prediction therefore appears to provide useful results with an acceptable margin. 
1398 U.H. Tiong, G. Clark / Procedia Engineering 2 (2010) 1393–1401
U.H.Tiong et al. / Procedia Engineering 00 (2010) 000–000 7
Lap joint 
specimen 
Macro digital 
camera 
Fig. 6 Test system setup (a) ruler scale attached (b) macro digital camera 
Fig. 7 Observed shear movements during fatigue test (a) prior to testing (b) at approximately 9.8 kN (critical) applied load 
Fig. 8 Observed out-of-plane movements during fatigue test (a) prior to testing (b) at approximately 9.8 KN (critical) applied load
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5. Discussion: Impact of joint displacement on coating integrity 
In a real structural joint, a fillet of sealant coat is often generated, squeezed out under pressure while the joint is 
being manufactured,.  Assuming a 45° sealant bead and coating covering the exposed sheet ends in the lap joint, the 
effective length of the coatings is denoted as l*. The predicted maximum displacement 0.373 mm corresponds to an 
applied strain over the length of l* of approximately 21%. In this study, it is assumed that the coating will fail or 
crack when this value exceeds the strain to failure of a representative coating material. Hegedus et al. [26] noted that 
although epoxy primers have relatively high tensile strength (> 17 MPa), the display poor elongation (< 10%). This 
indicates the concentrated coating strain of 21% at the sheet ends can quite conceivably exceed the critical stain-to-
failure of a coating material, including microcracking and macro-cracks.  
Clearly, the condition of the coating will be significant – degradation in service could make the coating far more 
susceptible to corrosion, and in addition, the time during the service life when the coating actually experiences high-
strain cycles could be important, together with the local temperature at the time when that load is experienced. The 
estimation of a representative thermomechanical load history therefore becomes an important issue in terms of 
developing a coating life prediction capability. 
Fig. 9 Effective length of coating covering lap joint sheet ends 
6. Summary and future work 
The following outlines the key findings in this study, viz: 
i. The maximum displacement for a generic lap joint was found to occur at a position between two 
adjacent fasteners along the joint line. This result is probably associated with lower fastener clamping 
force and less shear friction at this location. 
ii. Secondary bending due to geometric eccentricities was observed to have a significant effect on the joint 
end deflection in the generic lap joint. This out-of-plane displacement was found to be five times larger 
than the shear displacement under tensile loading. 
iii. The displacement at the sheet ends is likely to represent a coating strain of the order of 21%. This level 
of strain, particularly if repeated, appears large enough to have an impact on coating surface cracking. 
Initial work has focused on sheet ends, but other potential coating failure locations, such as fastener head regions, 
are expected to be important. Future work will consider these locations and other aspects of this thermomechancial 
history such as load sequence effects, cumulative damage estimation, interfacial adhesion strength and residual 
stresses; all of which may have significant roles in influencing the longevity of aircraft protective coatings. 
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